ISL1 is expressed in cardiac progenitor cells and plays critical roles in cardiac lineage differentiation and heart development. Cardiac progenitor cells hold great potential for clinical and translational applications. However, the mechanisms underlying ISL1 function in cardiac progenitor cells have not been fully elucidated. Here we uncover a hierarchical role of ISL1 in cardiac progenitor cells, showing that ISL1 directly regulates hundreds of potential downstream target genes that are implicated in cardiac differentiation, through an epigenetic mechanism. Specifically, ISL1 promotes the demethylation of tri-methylation of histone H3K27 (H3K27me3) at the enhancers of key downstream target genes, including Myocd and Mef2c, which are core cardiac transcription factors. ISL1 physically interacts with JMJD3, a H3K27me3 demethylase, and conditional depletion of JMJD3 leads to impaired cardiac progenitor cell differentiation, phenocopying that of ISL1 depletion. Interestingly, ISL1 is not only responsible for the recruitment of JMJD3 to specific target loci during cardiac progenitor differentiation, but also modulates its demethylase activity. In conclusion, ISL1 and JMJD3 partner to alter the cardiac epigenome, instructing gene expression changes that drive cardiac differentiation.
INTRODUCTION
Islet1 (insulin gene enhancer binding protein 1, ISL1), a LIM-homeodomain transcription factor, is involved in the development and differentiation of several organs including heart, pancreas, and motor neurons (1) (2) (3) . In the course of cardiogenesis, ISL1-marked second heart field (SHF) progenitors give rise to the cells of the outflow tract, the majority of right ventricle and atria, as well as part of the left ventricle (2) . ISL1-positive cells isolated from embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), embryonic or postnatal heart tissue, harbor multipotent properties that can give rise to diverse cardiovascular cell types, such as cardiomyocytes, smooth muscle cells, endothelial cells and pacemaker cells (4) (5) (6) . Notably, studies have shown that limited amounts of ISL1-positive cardiovascular progenitors are present in postnatal rat, mouse and human myocardium, raising the exciting possibility that these are endogenous cardiac progenitors that may potentially be used for cardiac regenerative applications (6) (7) (8) (9) (10) (11) .
ISL1 is primarily expressed in cardiac progenitors, and is downregulated upon terminal differentiation (2) . ISL1 is known to cooperate with other transcriptional factors such as GATA4 (GATA binding protein 4), TBX20 (T-box 20) and forkhead transcription factor, FOXH1, to set in motion a cascade of transcriptional events involving downstream genes such as Mef2c, Myocd, Nkx2-5, Shh, Fgf10 and Bmp4, that collectively controls lineage specification of the cardiac progenitors (12, 13) . Prior studies have also shown that ISL1 binds to specific enhancers of Mef2c, Myocd and Nkx2-5, activating their expression in the cardiac progenitors and their derivatives (14) (15) (16) . However, the precise mechanism underlying ISL1's functions in cardiac progenitors has not been fully elucidated.
During lineage specification, different signaling pathways, transcription factor networks, and chromatin regulators cooperate to bring about cell type-specific transcriptional programs (17) . Genes are tightly packed into chromatin, which not only provides a packaging mechanism for DNA, but also plays a pivotal role in the control of gene expression. Chromatin is subjected to various posttranslational modifications accomplished by DNA methylation, ATP-dependent chromatin remodeling and covalent histone modifications. Emerging evidence reveals that dy-namic changes in epigenetic landscape accompanies cardiac specification, and that aberrant chromatin regulation contributes to congenital heart diseases (18) (19) (20) (21) . For example, mutations in the histone methyltransferase WHSC1 in humans cause congenital heart defects in Wolf-hirschhorn syndrome (22) . Therefore, deciphering the mechanism underlying chromatin regulation during heart development may provide novel therapeutic strategies for the treatment of heart diseases.
It is well recognized that most epigenetic enzymes are ubiquitously expressed in different cell lineages, raising the question how specific gene expression patterns are imposed. One possible way is that these epigenetic enzymes may interact with lineage specific transcription factors in a context dependent manner. For example, UTX, a histone H3K27 demethylase, interacts with TBX5 to activate the cardiac development program, but partners with MYOD and SIX4 to regulate myogenesis (23, 24) . BAF60c, a subunit of the Swi/Snf-like Brg1/Brm-associated (BAF) chromatin remodeling complexes, also interacts with different transcription factors, such as GATA4, NKX2-5 and TBX5, to activate distinct group of genes during heart development (25) . Thus, transcription factors may associate with specific sets of epigenetic enzymes to establish distinct transcription programs. Indeed, accumulating evidences indicate that ISL1 may play a role in epigenetic regulation (26, 27) .
JMJD3, a demethylase of histone H3K27me3, plays important roles in the organ development, immune response, neurodegenerative disease and cancer (28) . Depletion of JMJD3 in ESCs impairs the formation of mesoderm and further profoundly suppresses endothelial and cardiac lineages differentiation (29) . However, the precise mechanism underlying JMJD3 functions in cardiac differentiation are still unclear.
Here, we demonstrate that ISL1 exerts a key role in cardiac differentiation by directly regulating the expression of hundreds of downstream target genes. We further uncovered a novel epigenetic aspect of ISL1's function, showing that ISL1 impacts the epigenetic status of two critical cardiac-specific enhancers, Mef2c and Myocd, which are dynamically regulated during cardiac differentiation of ESCs. Notably, depletion of ISL1 prevents proper demethylation of H3K27me3 at the enhancers of its downstream target genes, leading to impaired expression of these genes. Mechanistically, ISL1 physically interacts with JMJD3, and are co-recruited to the enhancer regions of ISL1's downstream target genes. Conditional depletion of JMJD3 at the cardiac progenitor stage attenuates the expression of ISL1's downstream target genes, resulting in defective cardiac differentiation, similar to that of ISL1 depletion. Interestingly, we also found that ISL1 is not only responsible for the specific recognition of JMJD3 to these enhancers, but also moderately regulates the demethylase activity of JMJD3, further emphasizing a key role for ISL1-JMJD3 complex in cardiac differentiation.
MATERIALS AND METHODS

Cell culture and cardiac differentiation
HEK293T, HEK293FT and NIH 3T3 cells were grown in DMEM (Invitrogen) supplemented with 10% FBS (Invitrogen), 2 mM L-glutamine, 100 U/ml penicillin and 100 g/ml streptomycin (Invitrogen) at 37
• C, 5% CO 2 . Undifferentiated R1, E14 murine embryonic stem cells (ESCs) were maintained on 0.1% gelatin coated plates in DMEM supplemented with 15% fetal bovine serum (FBS, Invitrogen), 2 mM L-glutamine, 0.1 mM 2-mercaptoethanol (Sigma), 0.1 mM non-essential amino acids (Invitrogen), 1 mM sodium pyruvate (Invitrogen), 4.5 mg/ml D-glucose, and 1000 U/ml of leukemia inhibitory factor (LIF ESGRO, Millipore). Cardiac differentiation experiments were performed as previously reported (30) . Specifically, dissociated ES cells were cultured in bacterial culture plates at 1 × 10 5 cells/ml of ES cell medium, in the absence of LIF and supplemented with 10 −4 M ascorbic acid. After 5 days in the suspension culture, the resulting EBs were transferred to 0.1% Gelatin coated tissue culture plates. The media were changed every the other day.
RT-PCR and real-time RT-PCR
Total RNA was extracted with TRIzol Reagent (Invitrogen) from EBs, according to the manufacturer's protocol. Complementary DNA (cDNA) was prepared from 1 g RNA using the First Strand cDNA Synthesis Kit (TOYOBO). cDNA equivalent to 10 ng of the initial RNA input was used as templates for qPCR analysis. Relative mRNA expression was calculated from the comparative threshold cycle ( Ct), and normalized to 18S rRNA. Primers are listed in Supplementary Table S5 .
Plasmids and transfection
pCDNA3.1, pCDNA3.1-ISL1, pCMV-flag and pCMVflag-ISL1 were stored by our lab. The construction of pCS2-Jmjd3-F was obtained from Addgene (plasmid # 17440). For construction of pGST-ISL1 full, pGST-LIM1, pGST-LIM2, pGST-HD, pGST-CT, pGST-TPR, pGST-JmjC, pGST-TCZ, cDNA was prepared from day 7 EBs of cardiac differentiation. PCR was used to amplify the fragments of interest before clone into the pGST-4T2 vector. Primers are listed in Supplementary Table S5 . For the transfection, cells were seeded at a density of 2 × 10 6 cells/10 cm plates and transfected with 10-15 g DNA using Lipofactamine 2000 (Invitrogen), according to the manufacturer instructions. After 48 h post-transfection, the cells were harvest for further analysis.
Lentiviral shRNAs
Production of lentiviral particles and transduction of ESCs was performed according to protocols described previously (31, 32) . Wild-type pLKO-tet-on and pLKO.1 were obtained from Addgene (#21915, #8453). Specifically, packaging plasmids were co-transfected into HEK293FT cells using Lipofectamine 2000 (Invitrogen) with short hairpin RNA constructs for targeting Isl1 or Jmjd3. Stable integrated into Nucleic Acids Research, 2016, Vol. 44 , No. 14 6743 R1 or E14 ESCs was selected with 1 g/ml puromycin. shRNA oligos are listed in Supplementary Table S5 .
CRISPR-Cas9 editing Jmjd3 in mESCs
Experimental procedures were essentially described previously (33) . Wild-type Cas9 plasmid PX458 was obtained from Addgene (plasmid #48138). sgRNAs were synthesized and cloned into PX458. Doner for inserting a Flag-HA sequence at the N-terminal of Jmjd3 was a synthesized ultramer (Integrated DNA Technologies). Donor plasmid for knocking out Jmjd3 was prepared using Gibson Assembly (New England Bio Labs). For generating Jmjd3-NFH R1 mESCs, we transiently transfected PX458-Jmjd3 and donor ultramer by using Lipofectamine 2000 (Invitrogen). In 48 h post-transfection, GFP-positive cells were sorted and replated into 0.1% gelatin coated plates at the density of 10 000 cells per 10cm plate. After ∼7 days culture, clones were picked under microscope and screened by genomic PCRs and sequencing. For generating Jmjd3-knockout R1 mESCs, we transiently transfected PX458-Jmjd3 and donor plasmid by using Lipofectamine 2000. In 48 h post-transfection, cells were selected by using 400 g/ml G418 for ∼7 days, and clones were screened by genomic PCRs and qRT-PCR. Jmjd3 knockout R1 mESCs were maintained without G418. Primers and the ultramer are summarized in Supplementary Table S5 . Cassette sequences are available on request.
ChIP, ChIP-seq and RNA-seq
ChIP was performed as previously described (34) . Briefly, cross-linked and isolated nuclei were sonicated using a Diagenode Bioruptor to an average size of ∼250 bp for ChIPseq or ∼500 bp for ChIP-qPCR. After pre-clearing with BSA-blocked protein G Sepharose, chromatin was incubated with antibodies at 4
• C overnight. The chromatin immunocomplexes were recovered with the same BSAblocked protein G beads. For ChIP-seq library construction, ∼5 ng of DNA extracted from the chromatin immunocomplexes as described previously (35) . Libraries were prepared according to manufacturer's instructions (Illumina) and as described (34) . Briefly, immunoprecipitated DNA was first end-repaired using End-It Repair Kit (Epicentre), tailed with deoxyadenine using Klenow exo minus (NEB), and ligated to custom adapters with T4 Rapid DNA Ligase (Enzymatics). Fragments of 350 ± 50 bp were sizeselected using Agencourt AMPure XP beads, and subjected to ligation-mediated PCR amplification (LM-PCR), using Q5 DNA polymerase (NEB). Libraries were quantified by qPCR using primers annealing to the adaptor sequence and sequenced at a concentration of 10 pM on an Illumina HiSeq 2000. For RNA-seq libraries, polyA + RNA was isolated using Dynabeads Oligo (dT) 25 (Invitrogen) and constructed into strand-specific libraries using the dUTP method (36) . Once dUTP-marked double-stranded cDNA was obtained, the remaining library construction steps followed the same protocol as described above for ChIP-seq libraries.
Data analysis
For ChIP-seq, sequenced reads were aligned to the mouse reference genome (assembly mm9) using Bowtie2 (37) . Duplicated reads were removed with Samtools (38) . ChIP-seq read density files were generated using Igvtools and were viewed in Integrative Genomics Viewer (IGV) (39) . Reads were merged from two biological replicates, and then significantly (P < 1.0E-05 for ISL1 ChIP-seq, P < 1.0E−03 for JMJD3 ChIP-seq) enriched peaks for each ChIP-seq data set were identified with MACS (40) . Genomic distribution of peaks and gene associated region annotations were obtained via PeakAnalyzer (41) . ChIP-seq density heatmaps were generated by seqMINER (42) . RNA-seq data were analyzed as previously descripted (43) . Briefly, sequenced reads were aligned to the mouse reference genome (assembly mm9) using Tophat (44) . Transcriptome was assembled using Cufflinks (43) . Differential gene expression was calculated from two biological replicates with Cuffdiff, considering FPKM (fragments per kilobase of exon per million fragments mapped) ≥ 1 in either one of the 2 conditions and |fold-change Isl1 knockdown vs. ctrl| ≥1.5-fold as a cut-off. GO analysis was conducted with DAVID (Database for Annotation, Visualization, and Integrated Discovery (45)).
Nuclear extraction and immunoprecipitation
Nuclear extraction and immunoprecipitation experiments were performed as previously described (46, 47) . Specifically, 1 mg NE was incubated antibodies against 2 g Isl1 (ab109517, Abcam) or 5 g Flag (F3165, Sigma) in a volume of 400 l Buffer C, supplemented with 200 l Buffer BN (20 mM Tris-HCl, pH 8.0, 100 mM KCl, 0.2 mM EDTA, 20% glycerol, 0.5 mg/ml BSA, 0.1% NP-40, 0.5 mM PMSF, 1 g/ml Pepstatin A, 1 g/ml Leupeptin, 1 g/ml Aprotinin). After overnight incubation at 4
• C, 30 l of protein A/G (1:1) beads were added for incubation at 4
• C for 2 h. Beads were then washed with Buffer BN for 4 times and boiled in 2 × SDS sample buffer. The sample was analyzed by SDS-PAGE, followed by immunoblotting.
Immunofluorescence staining
Immunofluorescence staining was performed as previously described (19) . Day 7 EBs of cardiac differentiation from JMJD3-NFH mESCs were cultured in 8 chamber slides, stained with DAPI, using antibodies against ISL1 and HA.
GST pull-down assays
GST-fused constructs were expressed in BL21 Escherichia coli. In vitro transcription and translation experiments were done with rabbit reticulocyte lysate (TNT systems, Promega) according to the manufacturer's recommendation. In GST pull-down assays, about 5 g of the appropriate GST fusion proteins with 40 l of glutathioneSepharose beads was incubated with 20 l of in vitro transcribed/translated products in binding buffer (20 mM Tris pH 7.4, 0.1 mM EDTA, 100 mM NaCl) at 4
• C for 2 h in the presence of the protease inhibitor mixture. The beads were washed 5 times with binding buffer, resuspended in 30 l of 2 × SDS-PAGE loading buffer, and detected by western blotting.
Histone extraction, Western blotting and CBB staining
Histone extraction was performed as described in Abcam protocols (www.abcam.com). Samples from histone extraction, nuclear extraction or total cell lysates were subjected to 8-15% SDS polyacrylamide gels as required. Coomassie brilliant blue (CBB) staining was followed the instruction of the Commassie blue fast staining kit (Beyotime).
Demethylase activity of JMJD3/UTX
Demethylase activities of JMJD3/UTX in day 7 EBs of cardiac differentiation and NIH3T3 cells were determined using JMJD3/UTX Demethylase Activity/Inhibition Assay Kit (Epigentek). Experiments were performed according to the manufacturer's protocol.
Statistical analysis
The data are expressed as mean ± standard deviation (SD). Comparisons between groups were analyzed using Student's t-test or ANOVA, and the Student-Newman-Kleuss method was used to estimate the level of significance. Differences were considered to be statistically significant at P < 0.05.
RESULTS
Genome-wide downstream targets of ISL1 during cardiac progenitor differentiation
ISL1 is expressed in cardiac progenitors and is required for their proliferation, survival, and differentiation. To gain insights into the mechanisms underlying ISL1's function, we differentiated murine ESCs into cardiomyocytes by LIF withdrawal and in the presence of ascorbic acid to improve the efficiency of cardiac differentiation (30) . To determine the kinetics of cardiac progenitor formation, we profiled the gene expression changes as a function of differentiation (day 0-day 12; Figure 1A ). We found that pluripotency marker genes such as Oct4 and Nanog were dramatically downregulated as differentiation proceeds. On the other hand, Mesp1, a marker gene for mesoderm, was transiently expressed around day 5. Notably, cardiac progenitor marker gene, Isl1, was upregulated from day 5 onward, and downregulated after day 9. Following this dynamics, we observed the upregulation of downstream target genes of ISL1, such as Fgf10, Mef2c and Myocd, peaking around day 7. The cardiomyocyte marker genes α-MHC, β-MHC and Troponin T were dramatically upregulated after day 9. Taken together, our data indicates that cardiac progenitors are enriched in day 5-day 7 embryoid bodies (EBs).
To unveil the potential direct downstream target genes of ISL1 during cardiac progenitor differentiation, we performed genome-wide Chromatin immunoprecipitation sequencing (ChIP-seq) for ISL1 on day 7 EBs. Analysis of the data identified 2499 ChIP-seq peaks for ISL1, with the majority of binding events (82.90%) occurring at intronic or intergenic sites ( Figure 1B) . The distribution for ISL1 genomic occupancy is consistent with other reported cellular specific binding patterns of transcription factors, localizing to distal regulatory regions (48, 49) . Our data indicate that ISL1 may preferentially localize to cardiac progenitor specific regulatory regions, impacting cardiac differentiation gene expression. Functional annotation of ISL1 binding sites reveals 2049 potential ISL1 targets including those involved in heart development, metabolic process, organ development and gene expression ( Figure 1C ; Supplementary Table S1 ). Notably, we observed the binding of ISL1 at the distal regulatory regions of Myocd, Fgf10 and Tbx3 (Figure 1D ), key targets of ISL1 during cardiac differentiation, in good agreement with previous reports (5, 16, 50) . We also identified new target genes, such as Gata6, Smarcd3 and Tbx20 ( Figure 1D ; Supplementary Figure S2 ), which are important for proper cardiac differentiation and heart development (14, 25, 51) . To better annotate the feature of these regions bound by ISL1, we analyzed the ChIP-seq data sets of the histone modifications of embryonic day 14.5 (E14.5) heart tissue compiled as part of the ENCODE Project (GSM769025). Remarkably, most of these ISL1 bound regions are enriched with H3K4me1 and H3K27ac ( Figure 1D ), the hallmarks of enhancer, indicating ISL1 may preferentially localize to cardiac specific enhancers. To further investigate the transcriptional effects of ISL1 binding, RNA-seq analyses were performed on day 7 EBs in which Isl1 was constitutively knockdown (day 7 EBs transfected with non-specific shRNA were used as the control) (Supplementary Figure S1A, B) . Our results revealed that 1892 genes were downregulated and 1660 genes were upregulated upon Isl1 knockdown (FPKM≥1, |fold change Isl1 knockdown vs. ctrl| ≥ 1.5). Intersection of ChIP-seq data with RNA-seq data identified 304 direct targets that are upregulated by ISL1, and 168 targets that are downregulated by ISL1 ( Figure 1E ). GO analyses revealed that the former category is overrepresented for genes involved in heart development, organ development, cell proliferation, metabolic process and gene expression ( Figure 1F ; Supplementary Table S2 ). The latter category included genes that are enriched for embryonic morphogenesis, cell differentiation and pattern formation ( Figure 1G ; Supplementary Table S3). Notably, a large number of genes upregulated or downregulated by depletion of ISL1 were not associated with ISL1 ChIP peaks, implying a potential hierarchical role of ISL1 in cardiac progenitor cells, which sets in motion a cascade of transcriptional events. Taken together, our genome-wide studies show that ISL1 controls a large cohort of genes implicated in cardiac progenitor differentiation, providing the basis for downstream mechanistic exploration of ISL1 function.
ISL1 perturbation impairs demethylation of H3K27me3 at the enhancers of its downstream cardiac-specific target genes
Our earlier findings showed that ISL1 might bind to regulatory regions of target genes to instruct gene expression changes. To gain further mechanistic insights, we performed ChIP-qPCR assays to study the dynamics of ISL1 target gene binding during differentiation, as well as to assess for any changes in epigenetic configuration. Specifically, we focused on changes that occur at the enhancers of Mef2c and Myocd, two well-known representative targets of ISL1, at three time points (day 3, day 5 and day 7, Figure 2A, B) . Firstly, at day 3, we observed the presence of H3K4me1 
To further clarify an epigenetic role of ISL1, we generated stable doxycycline inducible knockdown Isl1 (ishIsl1) mESCs. To deplete ISL1 specifically at the cardiac progenitor stage, doxycycline (Dox) was added at day 3 of differentiation and the media were changed every two days. As shown in Figure 2C , ISL1 was significantly reduced by Dox induction. Importantly, the efficiency of cardiac differentiation was also significantly impaired upon ISL1 knockdown, further attesting to the functional importance of ISL1 in cardiomyocyte formation. We observed a decrease in the expression of cardiomyocyte markers (α-MHC, β-MHC, Troponin T), accompanied by a reduction in the percentage of beating embryonic bodies ( Figure 2D-F) . As expected, the diminution in ISL1 level also affected the expression of Myocd and Mef2c as well as other ISL1's downstream target genes, unveiled by our ChIP-seq and RNA-seq data, including Bmp2, Fgf10, Gata6, Smarcd3, Tbx3 and Tbx20 in day 7 EBs (Figure 2G ).
Next, we performed ChIP assay to address whether ISL1 is responsible for the changes in histone modification pattern at day 7 of differentiation ( Figure 2A, B) . In contrast to our earlier findings, we observed a significant increase in H3K27me3 levels at the enhancers of all tested ISL1's downstream targets, including Myocd, Mef2c, Bmp2, Fgf10, Gata6, Smarcd3, Tbx3 and Tbx20 ( Figure 2I ) specific to the ISL1 depleted cells. On the other hand, the level of H3K4me1 remained low ( Figure 2H ). Taken together, these results highlight a novel epigenetic role of ISL1, implicated in H3K27me3 demethylation.
JMJD3 physically interacts with ISL1 at cardiac progenitor stage
To further investigate how ISL1 may regulate H3K27me3 demethylation, we have performed a proteomic screening to identify putative partners of ISL1 in day 7 EBs differentiated from wild type ESCs (unpublished data). Amongst the list of interactors recovered, we noted the presence of JMJD3, a H3K27me3 demethylase. To validate the interaction between ISL1 and JMJD3, we transfected HEK293T cells with either a Flag construct or a Flag tagged ISL1 expression plasmid, followed by immunoprecipitation (IP) with an anti-Flag antibody and immunoblotting (IB) with antibodies against ISL1 or JMJD3. Importantly, JMJD3 was efficiently co-immunoprecipitated by ISL1 ( Figure 3A) . Next, we wanted to confirm if ISL1 could also interact with JMJD3 in the cardiac progenitors. Given that there is no available commercial JMJD3 antibody suitable for immunoprecipitation, we used CRISPR/Cas9 methodology (33) to engineer a Flag-HA epitope tag at the N-terminus of JMJD3 in mESCs (thereafter referred to as JMJD3-NFH ESCs; Figure 3B ). Correctly targeted JMJD3-NFH ESCs line was validated by genotyping, and IB with an antibody against HA (Figure 3C, D) . Whilst ISL1 is a nuclear protein, previous studies indicate that JMJD3 can shuttle between the cytoplasm and the nucleus (52) . Hence, we first performed immunofluorescence experiments in day 7 EBs during cardiac differentiation, to ascertain that ISL1 and JMJD3 were co-localized in the nucleus ( Figure 3E) . Thereafter, to validate a physiological interaction between ISL1 and JMJD3, we performed endogenous co-IP experiments using nuclear extracts prepared from day 7 JMJD3-NFH EBs. IP with anti-Flag antibody followed by IB with antibodies against ISL1 or HA demonstrated that ISL1 was efficiently co-immunoprecipitated with JMJD3 (Figure 3F) . Reciprocally, IP with anti-ISL1 antibody followed by IB with antibodies against HA or ISL1 also showed that JMJD3 was efficiently co-immunoprecipitated by ISL1 ( Figure 3G ). These results confirm that ISL1 physically interacts with JMJD3 in the cardiac progenitors.
To further characterize the molecular interactions between ISL1 and JMJD3, we performed interaction studies using different protein fragments of ISL1 and JMJD3. In vitro transcribed/translated JMJD3 protein was incubated with different fragments of GST-fused ISL1, namely full-length (1-348 AA, GST-ISL1fl), LIM1 domain (15-77 AA, GST-LIM1), LIM2 domain (78-139 AA, GST-LIM2), Homeodomain (179-239 AA, GST-HD), or the Cterminal fragment (240-349 AA, GST-CT) of ISL1. Our results showed that the homeodomain of ISL1 is responsible for its interaction with JMJD3 ( Figure 3H ). Reciprocal GST pull-down experiments using different fragments of GST-JMJD3, namely TPR domain (98-150 AA, GST-TPR), JmjC domain (1337-1500 AA, GST-JmjC), or the TCZ domain (1501-1641 AA, GST-TCZ)) indicated that the TCZ domain of JMJD3 is responsible for its interaction with ISL1 ( Figure 3I ).
JMJD3 regulates cardiac differentiation
Since JMJD3 directly interacts with ISL1 at cardiac progenitor stage, we wanted to investigate whether JMJD3 is required for the expression of downstream target genes of ISL1 during cardiac differentiation. To this end, we generated Jmjd3 knockout ESCs by utilizing the CRISPR/Cas9 methodology. In this case, we inserted a cassette containing mPGK-NeoR-EGFP-Poly A sequence, into exon 4 of Jmjd3 to constitutively knockout Jmjd3 expression. Interestingly, following drug selection, we only recovered Jmjd3 heterozygotes (Jmjd3 +/− ) ESCs, likely due to the nonviability and/or selective growth disadvantage of Jmjd3 complete knockout ESCs ( Figure 4A, B) . Nevertheless, relative to wild type cells, the expression level of Jmjd3 was reduced by over 50% in +/− EBs relative to wild type EBs ( Figure 4F ). In particular, the expression of numerous downstream targets of ISL1 was also significantly downregulated in day 7 Jmjd3 +/− EBs ( Figure 4E ). These data strongly indicate that JMJD3 is required for the cardiac differentiation.
To explore whether JMJD3 is responsible for the removal of tri-methylation of H3K27 at the enhancers of ISL1's downstream target genes, we performed ChIP assays for H3K27me3 in day 7 EBs. Notably, we found that H3K27me3 level was significantly increased on all of the tested enhancers specifically in day 7 Jmjd3 +/− EBs relative to wild type controls ( Figure 4G ). Interestingly, we also noticed that the expression of Isl1 was decreased in day 7 Jmjd3 +/− EBs ( Figure 4E ). This raised the possibility that the reduction in the expression of ISL1's downstream genes might be a secondary effect attributed to a role of JMJD3 in mesoderm regulation as previous reported (29) . To critically assess this possibility, we generated doxycycline inducible knockdown Jmjd3 (ishJmjd3) mESCs that will enable us to precisely regulate Jmjd3 level at specific time points in differentiation.
To deplete Jmjd3 specifically at the cardiac progenitor stage, differentiation medium was supplemented with doxycycline at day 5 EBs and changed every two days. Jmjd3 expression was reduced more than half-fold in day 7 EBs (Figure 4H ). Importantly, in this system, the expression levels of all the tested ISL1's downstream targets were significantly decreased with no overt changes in Isl1 expression. Consistently, Jmjd3 depleted cells exhibited impaired terminal cardiomyocyte differentiation efficiency, as evident from the reduced expression of cardiomyocyte specific markers (α-MHC, β-MHC and cTNT) and EBs beating efficiency in day 12 EBs (Figure 4I-K) . Taken together, these results establish that JMJD3 promotes cardiac progenitor differentiation by regulating the expression of the ISL1 target genes via demethylation of H3K27me3 at their enhancers.
ISL1 and JMJD3 form a transcriptional regulatory complex
To gain insight into the functional significance of the physical association between JMJD3 and ISL1, we explored the genome-wide direct targets of the JMJD3 in day 7 JMJD3-NFH EBs by ChIP-seq using anti-HA antibody. Analysis of the characteristic enrichment of JMJD3 revealed that JMJD3 was remarkably enriched in the regions surrounding the ISL1 genomic binding sites ( Figure 5A ). Functional annotation of JMJD3 binding sites, reveals 4524 potential JMJD3 targets, among which 602 direct target genes were overlapped by JMJD3 and ISL1 including those involved in tube development, heart development, tissue morphogenesis ( Figure 5B, C; Supplementary Table S4 ). To definitively show that ISL1 co-opts JMJD3 to regulate its downstream target genes expression in cardiac progenitors, we performed ChIP/re-ChIP experiments for ISL1 and JMJD3. Chromatin prepared from day 7 JMJD3-NFH EBs was sequentially immunoprecipitated with either anti-ISL1 or anti-HA (JMJD3) antibodies (and vice versa) ( Figure  5D-G) . ChIP experiments confirmed that JMJD3 and ISL1 occupied the enhancers of Mef2c and Myocd in day 7 EBs of cardiac differentiation ( Figure 5D, E) . Importantly, reChIP experiments confirmed that both ISL1 and JMJD3 exist as one protein complex at the enhancers of Mef2c and Myocd ( Figure 5F and G).
Next, using Jmjd3-NFN ESCs engineered to express a doxycycline-inducible shRNA that targets Isl1, we explored a possible hierarchical targeting of ISL1 and JMJD3 to the enhancers of ISL1's downstream target genes. Indeed, our ChIP experiments showed that depletion of ISL1 resulted in a striking reduction of JMJD3 recruitment to the enhancers of ISL1's downstream target genes in day 7 EBs (Figure 5H and I). Taken together we present two lines of evidence to show conclusively that ISL1 promotes the recruitment of JMJD3 to key target loci during cardiac progenitor differentiation.
ISL1 modulates the demethylase activity of JMJD3
Since ISL1 and JMJD3 physically interact in cardiac progenitors, we wondered if the activity of JMJD3 might be modulated by ISL1 interaction. Interestingly, we found that the demethylase activity of JMJD3/UTX in nuclear extracts from day 7 EBs was inhibited following ISL1 depletion, that occurred in the absence of any changes in the expression levels of JMJD3 and UTX ( Figure 6A-C) . Consistently, we further observed a striking increase in the overall level of H3K27me3 in ISL1 depleted EBs ( Figure 6D ), similar to that of JMJD3 depletion ( Supplementary Figure S4A-B) . In excellent support, overexpression of ISL1 in NIH 3T3 cells led to a significant reduction in level of H3K27me3, with no overt changes in JMJD3 expression ( Figure 6E-G) . Taken together, these results indicate that ISL1 potentially regulates the demethylase activity of JMJD3, impacting transcriptional regulation of ISL1 targets during cardiac differentiation.
DISCUSSION
ISL1 is a LIM-Homeodomain transcription factor that marks cardiac progenitors in second heart field (2), and plays a critical role in regulating the expression of multiple downstream targets to control the proliferation, survival and differentiation of cardiac progenitors. However, the precise mechanism underlying ISL1 function in cardiac progenitors has not been fully elucidated. In our study, taking advantage of next generation sequencing methodologies, we have identified genome-wide targets of ISL1 in cardiac progenitors and further identified JMJD3 as a novel partner of ISL1.
Emerging evidence indicates that ISL1 may play a role in epigenetic regulation (26, 27) . It is well recognized that H3K27me3-H3K4me3 bivalent marks are co-enriched at the poised promoter regions, whereas H3K27me3-H3K4me1 marks are enriched at the poised enhancer regions (53) (54) (55) . In our study, we analyzed the histone modifications at the enhancers of Mef2c and Myocd, two representative downstream targets of ISL1 during cardiac differentiation. Our date revealed that the occupation of ISL1 at these enhancers triggers dynamic modeling of histone modification profiles, leading to the expression of Mef2c and Myocd. We showed that H3K27me3 was gradually replaced by H3K27ac specifically at cardiac progenitor stage, coincidental with ISL1 binding. This event marks the transition of the inactive/poised enhancer to an active state. Notably, previous report suggests that ISL1 can interact with P300 during heart development, potentially accounting for the accumulation of H3K27ac at these enhancers (26) .
In our study, we found that the demethylation of H3K27me3 was significantly impaired at the enhancers of ISL1's downstream targets upon depletion of ISL1. However, we also observed that H3K4me1 was differentially affected on these target loci, indicating that ISL1 may possess different regulation mechanisms for these targets. Recently, our group found that ISL1 interacts with SET7/9, a H3K4me1 methyltransferase, and together with PDX1 forms a complex to regulate pancreatic islet cells proliferation (56) . Whether SET7/9 could physically interact with ISL1 to regulate H3K4 methylation in the context of cardiac differentiation remains to be tested.
JMJD3 plays important roles in development and disease (28) . In our study, we uncovered a novel function for JMJD3 in cardiac progenitor differentiation. Specifically, JMJD3 is responsible for the proper removal of tri-methylation of H3K27 at the enhancers of ISL1's downstream targets at cardiac progenitor stage, and that JMJD3 depleted ESCs are defective for cardiac differentiation. It has been reported that JMJD3 can interact with ␤-catenin to regulate mesoderm genes (29) . We also previously showed that ISL1 is regulated by WNT/␤-catenin/LEF1 signaling during the early cardiac differentiation stage (57) . Considering these, the constitutive depletion of JMJD3 may impair mesoderm dif-ferentiation, thereby affecting the expression of ISL1. With these in mind, and to better elucidate the role of JMJD3 at cardiac progenitors stage, we conditionally depleted JMJD3 without affecting mesoderm differentiation and the expression of ISL1. Notably, we showed that the expression of all tested downstream genes of ISL1 was still significantly impaired, accounting for the defective cardiac differentiation. Hence, JMJD3 not only plays an important role for mesoderm differentiation, but also for the cardiac progenitors formation. Physically, ISL1 and JMJD3 form a transcription regulatory complex that co-occupies at the enhancers of ISL1's downstream targets at cardiac progenitors stage, and that ISL1 is required for the recruitment of JMJD3 to these enhancers. These results indicate that JMJD3 exerts a context-dependent effect during development by interacting with different partners.
However, the biological relevant of JMJD3 in heart development is still unclear. It has been reported that Jmjd3 KO mice die perinatally due to the respiratory failure and premature development of lung tissues (58, 59) . And the heart development is still normal in these mice. In contrast to these findings, Ohtani et al group reported that Jmjd3 KO mice die at embryonic day 6.5 (29) , which is consistent with the requirement of Jmjd3 for blastocyst development (60) . Unfortunately, the early embryonic lethality of these mice, prior to heart development, precluded the further analysis of the effect of Jmjd3 on heart development. The discrepancy between the phenotypes of Jmjd3 KO mice is still unclear but probably due to the different strategies that were used to generate the Jmjd3 KO mice. Nevertheless, Jmjd3 KO mESCs are defective for the mesoderm formation and cardiac differentiation (29) , which is consistent with our findings, inferring that JMJD3 might play important role in heart development. However, to definitively unveil the function of JMJD3 in heart development, cardiac specific (or conditional) Jmjd3 KO mice might be required.
Last but not least, we found that ISL1 could modulate the demethylase activity of JMJD3, regulating the global level of histone H3K27me3. JMJD3 is a jumonji C (JmjC) domain containing protein, that belongs to the ␣-ketoglutarate (␣KG)-dependent oxygenase super family. The demethylase activity of JMJD3 is regulated by its substrates, such as oxygen, iron (Fe) and ␣KG (61). Increasing intracellular ␣KG promotes H3K27me3 demethylation (62) . It remains unclear whether ISL1 could regulate the activity of JMJD3 indirectly through modulating its substrates. Interestingly, our genome-wide analyses identified several downstream targets of ISL1 that are involved in metabolic processes. These include Plod2, Ogfod2, Aldh4a1 and Gfpt2, potentially involved in the regulation of intracellular ␣KG availability. Alternatively, our data show that ISL1 can directly interact with the TCZ domain of JMJD3, which is adjacent to the JmjC domain. It is thus plausible that the interaction between ISL1 and JMJD3 may lead to allosteric changes in the catalytic domain of JMJD3, in this case, directly modulating the activity of JMJD3. This is an attractive possibility that requires further experimental validation.
In conclusion, our study highlights a novel role for ISL1 in enhancer patterning of key cardiac progenitor genes and provides mechanistic insights into how ISL1/JMJD3 complex orchestrates histone modification changes, coordinating gene expression driving cardiogenesis.
